Summary. The two major components of the microcirculation in the diabetic neuropathic foot have been examined in detail. Nutritive capillary blood flow was measured directly using the non-invasive technique of television microscopy, applied to the toe nailfold. Arteriovenous shunt flow was assessed using the technique of laser Doppler flowmetry, applied to the toe pulp. Fourteen diabetic patients with peripheral and autonomic neuropathy, 11 with no clinical evidence of neuropathy and 14 normal subjects were studied. Laser Doppler flowmetry (predominantly arteriovenous shunt flow) was increased more than three-fold (p<0.01) in the diabetic patients with neuropathy compared to control subjects, (median 3.57, interquartile range 2.00-5.32 volts vs median 0.93, interquartile range 0.47-2.36volts respectively). There was no evidence of skin capillary closure. The calculated capillary blood flow (erythrocyte flux) was significantly increased in the diabetic neuropathic patients compared to control subjects (median 76.4, interquartile range 34.4-109.8 picolitres/s vs median 23.2, range 8.0-44.8 picolitres/s, p< 0.01). This study demonstrates that foot skin capillary blood flow is increased in diabetic patients with neuropathy. There is, therefore, no evidence to support the supposition that capillary ischaemia, either secondary to a "capillary steal phenomenon" or "advanced microangiopathy", is a feature of diabetic neuropathy under resting conditions.
During the nineteenth century the feet of patients with diabetic neuropathy were observed to be hot and erythematous [1] . More recently an increase in total peripheral blood flow has been demonstrated in the diabetic neuropathic foot [2] [3] [4] [5] . This increase in total blood flow is thought to be related to peripheral sympathetic denervation, which results in an increased flow through the arteriovenous shunts [6] [7] [8] [9] . In the normal foot arteriovenous shunts have a primary function of thermoregulation [10] , and it has been estimated that 80-90% of total skin blood flow passes through the anastomotic circulation and bypasses the more distal capillary bed [11] . The capillary circulation is situated in parallel to the arteriovenous shunts and has a primary function of skin nutrition. Therefore, skin health ultimately depends on the integrity of the skin capillary vascular bed.
One of the major complications of diabetic neuropathy is foot ulceration. The presence of the autonomic component of neuropathy is a pre-requisite for the development of ulceration in animal studies [12] and abnormal clinical tests of autonomic function are usually found in patients with neuropathic foot ulceration [13, 14] . One consequence of peripheral autonomic denervation is an increase in arteriovenous shunt flow [6] . In order to explain the co-existence of an increased peripheral skin blood flow with neuropathic ulceration, it has been postulated that reduced capillary flow produces skin ischaemia. The capillaries are thought to be either occluded [15, 16] or a 'capillary steal' phenomenon is induced by massively increased arteriovenous shunting [17] .
Direct measurements of the capillary component of skin blood flow have not been made in the diabetic foot. The only technique that can be used to measure capillary blood flow in an undisturbed vascular bed is the technique of television microscopy. The aim of this study was to use this technique to make direct measurements of capillary flow in the feet of diabetic patients, with and without neuropa~thy and to compare this with arteriovenous shunt flow assessed by laser Doppler flowmetry.
Subjects and methods
Thirty-nine subjects were studied. All were clinically free from peripheral vascular disease having both palpable foot pulses and an ankle systolic/brachial systolic blood pressure ratio of greater than 1.00 [181. They were divided into three groups, matched for age, and in the diabetic groups, for duration of diabetes. The first group, the diabetic patients with neuropathy, comprised fourteen diabetic patients (11 male) with evidence of both peripheral and autonomic neuropathy. Full clinical details are presented in Table 1 . Their mean age was 47.6 (range 23-65) years, duration of diabetes was 18.9 (range 2-44) years.
The second group consisted of eleven diabetic patients (8 male) with no evidence of clinical neuropathy, normal autonomic function and normal sensory thresholds. Their mean age was 45.2 (range 23-66) years and mean duration of diabetes was 19.5 (range 2-47) years.
The third group, the control subjects, consisted of fourteen nondiabetic normal volunteers (11 male), with a mean age of 44,1 (range 27-67) years.
All patients gave informed consent and the protocol was approved by the hospital ethical committee.
Study conditions
All subjects were studied in an environmentally controlled room maintained at 22_+0.5~ throughout the measurement period. All were allowed to acclimatise lightly clothed, lying supine on a couch. The acclimatisation continued for a minimum of 20 min, until the toe nailfold temperature had reached a stable value.
Assessment of neuropathy
Autonomic neuropathy was assessed by measuring the mean heart rate variation (HRV) with deep breathing over six breaths using an instantaneous heart rate meter [19] . The heart rate response to a valsalva manoeuvre, the heart rate response to standing and the blood pressure response to standing were also recorded using standard methods [20] . Peripheral neuropathy was assessed by examining the ankle reflex and measuring vibration and thermal sensory thresholds. The vibration sensory threshold was measured using the biosthesiometer (Biomedical Instruments, Newbury, Ohio, USA). The threshold was taken as a mean of five recordings measured on the tip of the right great toe [21] . Thermal sensation was measured on the lateral border of the right foot using a Marstock stimulator (Somedic, Stockholm, Sweden) [21] . The thermal sensory threshold was the mean of the differences between the warm and cold threshold obtained from five measurements.
BIood flow measurement
Two main investigations were carded out:
1. Measurement of capillary blood flow in the right great toe nailfold, using the technique of television capillary microscopy. 2. The measurement of superficial skin blood flow (predominantly arteriovenous shunt flow) in the pulp of the great toe using the technique of laser Doppler flowmetry.
Recording capillary blood flow
The right great toe nailfold was illuminated using light from a high pressure mercury vapour lamp (Wotan HBO 50), brought to the skin by a thick fibre optic cable. The nailfold was coated with a thin layer of clear nail varnish to improve the optical properties of the skin. The column of erythrocytes within the capillary was visualised using a X20 objective (Leitz L0.36) and a high resolution television camera Results expressed as mean_+ SEM (Hitatchi HV 720 K). The image was recorded onto video tape for future analysis using a VHS format videorecorder (Panasonic AG 6200). A recording of one minute's flow was made from each of 12-15 capillaries, recorded sequentially and selected by moving the microscope laterally along the terminal row of nailfold capillaries.
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Toe nailfold temperature was measured using a thermocouple taped to the skin I mm behind the nailfold.
Measuring capillary blood flow Capillary blood velocity. One minute's flow was analysed in each of three of the previously recorded capillaries. Only capillaries that remained in clear focus for the full minute were selected for analysis. A strict sampling protocol was adopted for all measurements. Capillary blood velocity (CBV) was measured at five second intervals using a predetermined protocol, by the frame to frame technique [22] . The mean CBV was determined for the three selected capillaries. The coefficient of variation of this analysis is 7.6%, repeated twice in 15 subjects.
Erythrocyte column width. The diameter of the erythrocyte column was measured using vernier callipers. A measurement was made at each time point that a velocity measurement was taken and the mean erythrocyte column width determined. 
Laser Doppler flow
The technique of laser Doppler flowmetry (Per~ PFID, Perimed, Stockholm, Sweden) was used to measure microvascular blood flow in superficial skin vessels [23] . This is a non-invasive technique and gives a voltage signal directly proportional to blood flow in a volume of tissue beneath the probe. This was applied to the pulp of the great toe which is in an area rich in arteriovenous shunts [24] , which lie at a depth of 1.0-1.5 mm below the skin surface [25] . The laser Doppler probe retains sensitivity to this depth [23] , and previous studies have suggested that this technique measures arteriovenous shunt flow [26, 27] as well as superficial capillary flow. The capillary component of superficial skin blood flow is quantitatively much less than arteriovenous shunt flow in the pulp of the great toe [11] , and thus in the pulp of the great toe the laser Doppler flow signal predominantly represents arteriovenous shunt flow. Capillary blood velocity at rest, measured by frame-frame analysis in diabetic patients with neuropathy, diabetic patients without neuropathy and normal control subjects
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Statistical analysis
The results obtained for measurements of skin blood flow were not normally distributed. Non-parametric methods of statistical analysis have been used. The results are presented as the median (interquartile range) and the Wilcoxon rank sum test and Kendall's method of rank correlation were used in the statistical analysis.
Results
Skin temperature
After acclimatisation the diabetic patients with neuropathy and the diabetic control patients were found to have similar median toe skin temperatures: 32.6~ (30.4-34.0) in the patients with neuropathy and 31.5~ (25.4-32.1) in the diabetic patients without neuropathy. The median skin temperature in the patients with neuropathy was 5.5~ higher (p< 0.01) than in the normal control subjects at 27A~ (22.6-30.0).
Laser Doppler flow (predominantly arteriovenous shunt flow) is shown in Figure 1 . The median laser Doppler flow was increased more than three-fold (p<0.01) in the diabetic patients with neuropathy compared to normal control subjects: 3.57 (2.00-5.32) volts in the diabetic neuropathy group and 0.93 (0.47-2.36) in the normal control group. The median value in the diabetic patients free of neuropathy was 1.13, which was not significantly different from control subjects although the range of values was much greater (0.45-6.21) volts with the suggestion of a bimodal distribution.
Capillary blood flow
Blood was observed to flow in all capillaries studied during the period of observation. Similar numbers of nailfold terminal row capillaries were observed in each of the three groups (10.7/linear mm in diabetic patients with neuropathy, 9.7/linear mm in diabetic con- Capillary blood velocity is shown in Figure 2 , and was similar in all three groups. The median diameter of the erythrocyte column (Fig.3) in the diabetic patients with neuropathy was 10.6 (9.3-11.7)~tm. This was significantly greater than in both normal control subjects, 8.1 (7.6-9.3)Ixm (p<0.01) and diabetic control patients, 9.0 (8.1-10.2)~tm (p<0.05). The calculated capillary volume flow (erythrocyte flux) is shown in Figure 4 . In diabetic patients with neuropathy the median flow was more than three-fold greater (p<0.01) than in normal subjects: 76.4 (34.4-109.8) pl/s in the diabetic neuropathy group and 23.2 (8.0-44.8) pus in the normal subjects. In the diabetic patients without neuropathy the distribution of erythrocyte flux appeared bimodal, and did not differ significantly from either of the other groups at 35.3 (15.3-134.2) pl/s. The erythrocyte flux demonstrated a significantly positive relationship (p<0.05) with laser Doppler flow in all three groups (diabetic patients with neuropathy r= +0.41, diabetic control patients r= + 0.56 and normal control subjects r= + 0.47).
Discussion
We have studied, for the first time, the two major components of skin blood flow in the diabetic foot. We have examined the nutritive capillary component of the circulation by television microscopy and assessed the arteriovenous shunt circulation using laser Doppler flowmetry. Our observations indicate that there is a substantial increase in both foot skin capillary blood flow and arteriovenous shunt flow.
Artefiovenous shunt flow, as assessed by laser Doppler flowmetry is markedly increased in diabetic neuropathy. In normal individuals this flow extends over a wide range consistent with its role in thermoregulation. However, in the diabetic patients with neuropathy an even greater range (800-fold) is observed. Some individual diabetic patients who are clinically free from neuropathy also have increased laser Doppler flow. Similar observations have previously been made using plethysmographic techniques to measure total big toe blood flow which includes both skin capillary flow and the much greater arteriovenous shunt flow [4] . One possible explanation of this observation is that peripheral sympathetic denervation may occur before clinically detectable neuropathy [9, 28] . Flow through arteriovenous shunts is regulated by efferent sympathetic nerve fibres [10, 29] and in animal studies arteriovenous shunt flow has been demonstrated to increase considerably after sympathectomy [6] . Release of sympathetic vasoconstrictor tone results in an increase in arteriovenous shunt diameter and an increase from 10 ~tm to 60 lxm is accompanied by 1000-fold increase in shunt flow [30] . This is similar to the range of flow measured in this study. Our findings lend strong support to the suggestion that loss of peripheral sympathetic function is a feature of diabetic neuropathy. The present observations of extremely high flow values in some diabetic patients free of neuropathy suggest that loss of peripheral sympathetic function may occur in the absence of clinically detectable abnormalities of both peripheral and central autonomic nerve function.
The capillaries observed under direct vision are both patent and present in normal numbers. This refutes the proposals that advanced 'microangiopathy' or rheological factors leads to capillary closure in the neuropathic foot [15, 16] . We cannot, however, exclude the possibility that tissue breakdown and ulceration are finally precipitated by acute capillary closure.
In this study we have observed an increase in the diameter of the erythrocyte column in patients with diabetic neuropathy. This suggests that the capillaries are dilated, although it could, in theory, merely reflect a reduction of the marginal layer of plasma sheathing the erythrocytes. Increased capillary diameter is, however, a recognised feature of diabetic microcirculation [16] . Capillary blood flow, calculated as the erythrocyte "flux" is undoubtedly increased in diabetic neuropathy, compared to normal subjects. The increased skin temperature in diabetic neuropathy would increase skin oxygen consumption by 70% [31] and it is conceivable that the increase in capillary flow may be insufficient to meet the increased oxygen demand. The relationship between erythrocyte flux and laser Doppler flow does not support the concept of a capillary steal syndrome, with the highest capillary flow values being found in subjects with the highest laser Doppler flow signals, and vice-versa. This study demonstrates that capillaries are patent and dilated in the diabetic neuropathic foot and that the capillary blood flow is increased. This study does not provide evidence for capillary ischaemia distal to the high-flow anastomotic shunts in the diabetic neuropathic foot.
